6284 Macromolecules 1992, 25, 62846288

Premelting of Long n-Paraffins in Chain-Extended Lamellae. An
Electron Diffraction Study

Douglas L. Dorset’

Electron Diffraction Department, Medical Foundation of Buffalo, Inc., 73 High Street,

Buffalo, New York 14203

Rufina G. Alamo and Leo Mandelkern
Department of Chemistry and Institute of Molecular Biophysics, Florida State University,

Tallahassee, Florida 32306

Received May 7, 1992; Revised Manuscript Received August 3, 1992

ABSTRACT: Electron diffraction is used to study the thermally-induced structural changes in n-paraffins
for which chains are too long to permit transition to a hexagonal layer packing. Monolamellar crystals of
n-CsoHigg, n-CaoH )2, n-CaaH s, and n-CoHig obtained from dilute solution undergo a lattice expansion upon
heating so that the lateral orthorhombic unit cell axial ratio approaches a limiting value a/b = 1.55. Near
the melting point, a structure with an oblique chain packing begins to form irreversibly. Crystallization from
the melt forms the monoclinic structure described earlier by Khoury. Diffraction patterns from heated
epitaxially-crystallized samples demonstrate that the longitudinal chain motions responsible for this transition
occur well below the melting point, producing a slightly thickened lamellar structure which, on average,
resembles a pure paraffin with one more chain methylene unit. This structure incorporates the expected

interfacial disorder due to conformational defects.

Introduction

Because of the several applicable entropic contributions
to melting,! n-paraffins are well-known examples of
molecular compounds which exhibit premelting behavior.
In addition to the crystal-crystal transition to the hex-
agonal chain packing in individual lamellae, which occurs
for odd and even paraffins within certain length limita-
tions,? other phenomena have been observed which seem
to have no dimensional restrictions and therefore may be
more important for understanding the melting behavior
of the infinite-chain polymer.

Starting with the early work of Miiller,? it is clear that
lateral expansion of the crystailine lattice occurs for all
heated paraffins, whether or not the hexagonal layer
packing results. For all even paraffins we have found that
this gradual expansion seems to reach a limiting value
before the abrupt crystal-crystal transition takes place.*

As indicated by early measurements of chain torsional
freedom,® chain twists in the form of conformational
defects are also important, leading often to a sequence of
microstates with increasing temperature. Vibrational
spectroscopic measurements demonstrate that the largest
number of such defects is found near the chain ends and
that the form of the disorders is the same whether or not
the chain length will allow the hexagonal layer packing to
be formed at higher temperature.” This has been inde-
pendently demonstrated by solid-state carbon-13 NMR
measurements.?® This accumulation of defects at lamellar
interfaces is manifested in diffraction experiments by
changes in resolution and intensity of the low-angle
reflections. For example, electron density models have
been proposed for the lower alkanes,0 such as n-CyHy,,
as well as the higher ones,!1''2 e.g., n-Cg Hjgo, to explain
the same phenomenon. Similarly, electron diffraction
measurements have made it possible to visualize this
lamellar disordering in single crystals of n-CgsHy,.13

The third expression of thermally-induced chain-end
disorder has been the presence of longitudinal motions
along the major chain axes. By microscopy, it is observed
to occur for the shorter odd- and even-chain alkanes, as
well as the longer ones, since ridged corrugations are found
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in the heated crystalline lozenges.!4-1¢ For longer chains
which do not transform to the hexagonal phase, this
longitudinal movement seems to be the major consequence
of the gradual accommodation of chain-end conformational
disorder when the crystals are heated toward the melting
point.12 One also notes a change in lamellar spacing with
increasing temperature.!® In addition, the presence of
longitudinal chain disorder seems to be the best way to
account for continuous diffuse scattering intensity in
electron diffraction patterns taken from n-alkanes or
polyethylene crystallized by epitaxial orientation of a
cooled melt.’

While the importance of the chain-end disorder mech-
anisms becomes clear, some of the experimental obser-
vations are somewhat equivocal—because they are either
indirect indications or based on measurements of bulk
samples where several states can simultaneously coexist.
This paper will demonstrate the major forms of extended-
chain lamellar packing disorder for the n-paraffins =
n-CqHsgs in terms of single-crystal diffraction patterns.

Materials and Methods

n-Paraffins. Samples of n-CsH ;g2 and n-CeoHyzg, both with
an advertised purity of 99% (and demonstrated by sharp melting
transitions), were purchased from Fluka AG (Buchs, Switzerland).
Thermal data for these paraffins were published earlier.!®* The
n-Cs:H 166 sample was a gift from Dr. John R. Fryer, University
of Glasgow, Glasgow, U.K. The melting point agrees with the
value listed by Broadhurst.!? The longest chain studied,
n-CasH o, is the same paraffin sample studied by Fischer!? and
others,? and its melting temperature has been reported.1®*

Crystallization was carried out in two ways. To prepare
lozenge-type crystallites, a dilute solution was made in a warm
solvent (e.g., light petroleum or toluene) and the (mostly)
monolamellar crystals formed as a drop of solution was coeled
in a carbon-film-covered electron microscope grid. In the other
method, epitaxial crystallization of the shortest paraffin n-CsHioe
was carried out by Dr. W. P. Zhang using a somewhat complicated
procedure.2! After deposition of the paraffin from the vapor
phase onto a freshly-cleaved KCl substrate, it was annealed in
the presence of this substrate to produce a stable lamellar
structure, as described earlier. Upon coating with a thin carbon
film, the epitaxially-oriented samples were freed from the
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Figure 1. Bright-field electron microscope images of monola-
mellar n-CgH;g lozenges: (a) solution-crystallized form showing
sectorization; (b) heated crystal showing bend contour bands
along [010]. The unit cell axial directions for the orthorhombic
structure are indicated.

substrate by floating the film onto a water surface and picking
these up with bare copper electron microscope grids.

Experimentsin the Electron Microscope. Theinstrument
used for this work was a JEOL JEM-100CXII electron microscope
operated at 100 kV. Low electron beam doses were used at all
times to ensure that the samples would not be damaged by
inelastically scattered electrons while the useful elastically
scattered information was being recorded. This requires the
control of illumination levels with the condenser lens and use of
a fast photographic emulsion such as Kodak DEF-5 X-ray film
torecord the selected area electron diffraction patterns or bright
film electron microscope images (at a direct 104X magnification).
There were no salient perturbations to these data due to beam
damage.

Heating experiments in the electron microscope were made
possible with a Gatan 626 sample stage which permits mainte-
nance of the paraffin crystals at temperatures up to 150 °C with
a stability within 1 °C.

Results

Paraffin Crystals. Asdescribed earlier,?2% n-paraffins
with chain lengths longer than 40 carbons, when crystal-
lized according to the recipe given above, form ortho-
rhombic lozenges which exhibit sectorization behavior in
bright-field electron micrographs. The upper limit in-
vestigated in these studies?® was n-Cg;Hjg. A further
example is given for n-CosH;g (Figure 1a). As in poly-
ethylene, the alternate bright and dark bands indicate
chain packings which, respectively, are either slightly
oblique or untilted orientations of the long axes (e.g.,
results® of high-resolution “lattice images” from n-Cg;Hjgg).
The crystallographic planes are the same as those involved
in polyethylene sectorization,?® but their orientation in
each sector is nearly orthogonal to the direction found in
the chain-folded polymer crystals. Although an oblique
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Figure 2. Electron diffraction patterns from n-CqsH;g: (a) low-
temperature form characteristic of the orthorhombic layer (see
Teare® or Dorset?® for discussion of the layer symmetry of the
orthorhombic structure); (b) higher temperature form obtained
1 °C below the melting point (chain tilt is indicated around the
b = 4.96 A axis; (¢) sample crystallized from the melt.

chain packing, related to the R(+1,%1) layers proposed by
Kitaigorodskii?® for polymethylene chains, must be re-
sponsible for the crystal nucleation as a 4-fold twin, the
corrugations in Figure 1 are not extreme enough to be
detected via surface decoration by a fine metal coating.
Hence, the resultant angular misorientation of the chain
axes must be less than a couple degrees.
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Figure 8. Plots of unit cell a/b ratios for heated paraffin lamellae: (a) n-CsoHoz (mp 92.1 °C), (b) n-CgoHjze (mp 99.2 °C; a second
heating of the sample indicates that the inclined chain packing also expands to the previously determined end point), (¢) n-CsoHies

(mp 110.3 °C), (d) n-CyH190 (mp 113.8 °C).

Heating of Solution-Crystallized Paraffins. Elec-
tron diffraction patterns from solution-crystallized lamel-
lae of these longer n-paraffins (Figure 2a) are typical of
all such orthorhombic polymethylene layers, with cell
constantsneara =7.42A and b =4.96 A, The appearance
of these diffraction pattern does not change appreciably
as the sample is heated toward the crystal melting point
although one can see a definite gradual change in the a/b
ratio with increasing temperature (Figure 3) to a limiting
value around 1.55. Near the melting point it is often
possible to find A%0 diffraction patterns (Figure 2b) which
correspond to localized beginnings of oblique chain
packing. The intensities of (020) spots are heightened in
contrast to diminished values for the (200) and (110)
reflections. Bright-field images now contain sharp bands
parallel to [010] (Figure 1b) with no signs of sectorization.
If the crystals are cooled to room temperature at this point,
this diffraction patternremains. Uponreheating asample
cooled from higher temperature, the plot of a/b with
temperature (e.g., Figure 3b) shows that the relative
increase of this axial ratio is less. Finally, if samples are
crystallized from the melt, the bright-field image again
resembles Figure 1b, but the diffraction pattern (Figure
2¢) is readily identified as a uniform monoclinic packing
for the whole crystal, characteristic of the C-form of fatty
acids and other lipids.?® This is the My structure
identified earlier,16.27 corresponding to Kitaigorodskii’s®®
R(2,0) layer.

Heating of Epitaxially-Crystallized Paraffins. A
salient expression of thermalily-induced changes to the
diffraction pattern is found for the orthogonal projection
onto the chain axes, achieved by epitaxial orientation of,
e.g., n-CsoHjo2 (Figure 4). One can, for example, follow
the decreasing number of orders for the 00! reflection in
the Okl diffraction pattern (Figure 5) with temperature,

which is known to be associated with the chain-end disorder
at the lamellar interface.!013 This begins to occur at
temperatures where no appreciable effect on the hk0
reflections is noted. The effect is reversible, although
incomplete recovery of the resolution for these reflections
upon cooling indicates metastable surface disorder.!3

As noted earlier in our study of binary paraffin solids,28
it is also possible (Figure 6) to index the 01! reflection
with the spacing of the 00! diffraction maxima in order to
obtain the carbon number (! = m, m + 2) of the average
chain structure in the lamellae, i.e., C,,Homsz. At low
temperatures, the indices indicate that the average crystal
structure is that of orthorhombic n-CgeH 1z in space group
Pca2;. However, at 80 °C (well before the hk0 diffraction
pattern indicates a change from a rectangular to an oblique
layer) most of the Ok! diffraction patterns index as if the
average structure were n-Cs Hyoq in space group A2;am.
This effect is also reversible with the n-CsoHoq structure
restored when the sample is cooled. The average lamellar
spacings are (22 °C) 65.91 £ 0.72 A and (80 °C) 66.20 %
0.51A compared to the respective theoretical?® values for
n-CsoHo2 (65.34 A) and n-Cs;H;o4 (66.80 A). This is the
first direct observation of longitudinal chain translations
in heated n-paraffins based on single-crystal diffraction
data. It demonstrates that the lamellar thickening is due
to an average change of crystal structure to that of the
next longest (odd-chain) n-paraffin.

Discussion

As is shown above and in previous electron diffraction
studies,* monolamellar crystals of n-paraffins in an untilted
orthorhombic layer gradually expand to a limiting value
of the unit cell ratio a/b when heated and beyond this
temperature the next event depends on the chain length.
However, for all examples, the heating causes conforma-
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Figure 4. Electrondiffraction pattern from epitaxially-oriented
n-CsoHypo: (a) at room temperature, (b) at 80 °C. Note
attenuation of lamellar reflections (arrow) in the latter pattern.
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Figure 5. Plot of 00/ lamellar reflection resolution as number
of observed orders n for epitaxially-oriented n-Cs,H;o heated to
80 °C and then cooled. The solid point indicates that the cooled
sample has not quite recovered the interfacial order found for
the original samples.

tional disorder to occur at the chain ends. This is directly
observed by vibrational spectroscopy®” and NMR8* and
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Figure 6. Use of an 0k! electron diffraction pattern from an
epitaxially-oriented n-paraffin to determine the average lamellar
structure. Ifindices of intense wide-angle 00/ and 01/ reflections
are determined from the spacing of the low-angle 00! reflections,
these [ values are found to be related simply to the apparent
carbon number m of the lamella n-C,Hsn+2. Hence, thermal
expansion of pure n-CsH;q; will produce an average structure
which resembles n-Cs;Hjp4.

appears in diffraction studies as changes in the low-angle
00! reflections which correspond to the lamellar interfacial
disorder.1®-13

For chain lengths within a certain dimensional limit,
the next higher temperature event is the appearance of
the hexagonal layer packing.? Insome cases, e.g., n-CgsDr4,
itis not quite achieved® and only a rotationally-disordered
orthorhombic packing is found. For the longer chains,
there is a gradual change to an oblique layer packing which,
beyond a certain point, is irreversible. In this study we
have demonstrated for the first time that the longitudinal
chain motions characteristic of this transformation begin
to occur at temperatures well below the melting point, i.e.,
the reversible change from a n-Cs0H;o4 packing to an
expanded pseudo-n-Cs;Hjgq structure.

The need for the longitudinal chain translations in
heated paraffin layers was proposed by Maroncelli et al.3°
in their analysis of spectroscopic data to account for
conformational disorder. Such longitudinal translations
are also a consequence of recent molecular dynamics
simulations.3! The earlier Flory-Vrij3? statistical me-
chanical calculation provides the theoretical basis for the
conformational disorder of the chain-end sequences. In
this calculation, the entropy gain due to the conformational
disorder is considered in analyzing the fusion process. The
theoretically-expected premelting temperatures are found
to agree very well with the directly observed phenome-
na.”® Direct diffraction evidence for such longitudinal
chain translations has been unavailable until this single-
crystal study, however, although their presence has often
been inferred from morphological features of heated
crystals, as mentioned. Hence, if an abrupt lattice
expansion into a rotationally deformed layer is not
permitted because of an excessive chain length, the
longitudinal translations will provide a separate compen-
satory mechanism for the increased chain cross-sectional
area due to conformational disorder. As yet another
manifestation of this phenomenon, i.e., in mechanically-

- overlapped binary mixtures of n-paraffins, it has also been

suggested??34 that long-range longitudinal chain motions
are important for the spontaneous formation of the
energetically-favored solid solution.
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